Flow boiling heat transfer to water in microchannels is
Introduction
Boiling heat transfer in microchannel heat sinks has attracted significant interest due to its capability for dissipating the high heat fluxes encountered in the thermal management of microelectronics ͓1,2͔. However, the complex nature of convective flow boiling and two-phase flow in microchannels is still not well understood and has impeded the practical implementation of microchannel heat sinks with two-phase flow ͓3-5͔. Among the unresolved issues of particular importance is the quantitative prediction of the boiling heat transfer coefficient in microchannels over a wide range of conditions, from subcooled to saturated boiling. A limited number of studies in the literature ͓6-17͔ have addressed this issue, as summarized in Table 1 . A survey of this literature reveals a lack of consensus on the understanding and prediction of boiling heat transfer and two-phase flow in microchannels. In particular, although flow-pattern-based models ͓18,19͔ have been proposed to correlate boiling data, these models are typically applicable over a narrow range of experimental conditions. There is thus a clear need for additional systematic studies, which carefully address the experimental characterization and modeling of boiling heat transfer in microchannel flows.
The objective of the present work is to conduct a comprehensive experimental investigation of flow boiling heat transfer in microchannel heat sinks, covering a range of subcooled and saturated boiling conditions. The subcooled and saturated boiling regimes are studied in the lower quality range ͑up to 20%͒. Heat flux, temperature, and pressure drop measurements are used to construct boiling curves. Boiling heat transfer correlations developed for conventional-sized channels are critically appraised for their applicability to the prediction of flow boiling in microchannels. A heat transfer correlation suitable for prediction of heat transfer coefficients in the subcooled boiling regime is identified. A new superposition model is developed as a modification to the model of Chen and co-workers ͓20,21͔ to correlate the results in the saturated boiling regime; the proposed model incorporates the unique flow features of microchannel flows. The model predictions are validated against the experimental results. Figure 1͑a͒ shows the test loop assembled for the experimental investigation of convective flow boiling in microchannels. A variable-speed gear pump is used to circulate the working fluid ͑de-ionized water͒ through the test loop. Two turbine flowmeters are arranged in parallel to measure flow rates in different ranges during the tests. A water bath adjusts the degree of subcooling in the fluid prior to entering the microchannel heat sink. A liquid-to-air heat exchanger is employed to condense the vapor in the two-phase mixture before the fluid returns to the reservoir. The absolute pressures in the entrance and exit manifolds of the microchannel test section are measured. The experimental data are read into a data acquisition system for processing.
Experiments

Experimental Setup.
The microchannel test section consists of a copper test block, an insulating G10 housing piece, and a G7 fiberglass cover, as shown in Figs. 1͑b͒ and 1͑c͒. Twenty-five microchannels were cut into the top surface of the copper block, which has an area of 25.4ϫ 25.4 mm 2 using a precision sawing technique. Test pieces with two different microchannel dimensions were tested. The first test piece ͑microchannel I͒ contains microchannels that are 275 m in width ͑w c ͒ and 636 m in height ͑H c ͒, with an intervening fin thickness ͑w w ͒ of 542 m, while the second test piece ͑microchannel II͒ contains microchannels that are 406 m in width and 1063 m in height, with an intervening fin thickness of 597 m. Eight cartridge heaters embedded in the copper block provide a maximum power input of 1600 W. As indicated in Fig.  1͑c͒ , three Copper-Constantan ͑type-T͒ thermocouples ͑T 1 -T 3 ͒ made from 36-gauge wire were inserted just below the microchannels at a distance of 3.17 mm from the base. Microchannel wall temperatures at the three streamwise locations are obtained by extrapolation from these three thermocouple readings. Four more thermocouples ͑T 1 -T 3 ͒ were embedded in the copper block at 6.35 mm axial intervals for measurement of the average heat flux. The inlet and outlet fluid temperatures ͑T f,in and T f,out ͒ were measured at locations immediately upstream and downstream of the microchannels, respectively. The power input to the cartridge heaters was regulated by a digitally controlled dc power supply unit.
Test Procedure.
Prior to each experiment, the working fluid was degassed by violently boiling the water for approximately 1 h. The amount of dissolved gas in the water was monitored with an in-line oxygen sensor and the water was considered degassed when the concentration was less than 4 ppm; at this concentration, the effects of dissolved gas on the boiling heat transfer may be neglected ͓22͔.
In each experiment, the heater power supply was switched on and set to the desired value after the fluid inlet temperature was stabilized. A steady state was reached when readings from all thermocouples remained unchanged ͑within ±0.1°C͒ over a 2 min period. Each steady-state value was calculated as an average of 300 readings for all power, temperature, pressure, and flow rate measurements. The heat flux was then increased for the next test, and the procedure repeated for subsequent tests. The fluid inlet velocity and temperature were varied to achieve different testing conditions, as summarized for both microchannel dimensions in Tables 2 and 3 . The maximum heat flux in the experiments was 128.8 W / cm 2 . The inlet temperature of water is adjusted as a parameter, and varies between 66.6 and 94.9°C for microchannel I and 78.8 and 95.4°C for microchannel II. If the fluid were introduced at near-saturated conditions, the distribution of the twophase mixture in the microchannels would be heavily affected by the entrance manifold, with the flow boiling patterns in the microchannels being a function of the particular entrance conditions used.
Data Reduction.
The heat loss to the ambient from the test section is estimated from the difference between the total power input q input and the sensible heat gain by the fluid under single-phase heat transfer conditions as
and is correlated as a function of the average wall temperature q loss = q loss ͑T w,m ͒ for each inlet condition, which is then used in calculating heat loss under boiling conditions. Once boiling commences, between 87% and 98% of the input power was transferred to the water under the range of experimental conditions considered, depending on the heat flux and flow rate. The applied heat flux qЉ is calculated using the base area of the copper block, A b = WL, and represents the heat dissipation rate of the heat sink,
The effective wall heat flux is defined as
where A t ͑=n͑w c +2H c L͒͒ is the total heat transfer area of the microchannels. The microchannel length can be divided into two regions according to the local thermodynamic quality:
The subcooled region covers the portion of the channel over which the thermodynamic quality takes negative values. In terms of flow regimes, it includes both the single-phase and subcooled boiling regions. The length of the subcooled region can be calculated from the following energy balance:
in which T sat,0 is the local saturation temperature, and L sp and L sub are the lengths of the single-phase and subcooled boiling regions, respectively. In the saturated region that follows, the temperature of the vapor-liquid mixture remains at the local saturation point and the quality increases from zero as the fluid picks up more heat, adding to the vapor content of the flow. The boiling heat transfer coefficient is determined from
in which T w is the average temperature of the channel wall and T f is the mean fluid temperature. Temperature-dependent thermophysical properties of water were used for both the liquid and vapor phases in the data analysis. The saturation temperatures at the inlet and outlet were determined from the pressure measurements. Then, following the ap- proach of Collier ͓23͔, a linear profile is assumed for the local saturation temperature between the inlet and outlet, and the local saturation temperature T sat,0 in Eq. ͑5͒ is obtained as its intersection point with the single-phase temperature curve.
Measurement Uncertainties.
The uncertainty in temperature measurements was estimated to be ±0.3°C with the T-type thermocouples employed. The flowmeter was calibrated with a weighing method, yielding a maximum uncertainty of 2.4%. The measurement error for the pressure transducer was 0.25% of full scale ͑1 atm͒. Uncertainty associated with the heat flux measurement was in the range of 3.1-7.5%. A standard error analysis ͓24͔ revealed uncertainties in the reported heat transfer coefficient to be in the range of 5-9.4%. Experiments conducted over a period of months showed good repeatability.
Experimental Results
Experimental measurements of wall temperature and pressure drop are presented in this section to characterize the boiling heat transfer features in the microchannel flows tested.
The boiling curve shown in Fig. 2 schematically illustrates the wall temperature variation as a function of heat flux. The fluid enters the channel at point A as subcooled single-phase liquid. The heat transfer mode is single-phase convective heat transfer until location C, at which point the wall temperature exceeds the threshold value for the onset of nucleate boiling ͑ONB͒. From this point onward, both single-phase convection and nucleate boiling contribute to the total heat transfer. The convective component is then swamped by boiling heat transfer from point D when the fully developed boiling region ͑FDB͒ starts. The intermediate region ͑C-D͒ is defined as the partial boiling regime. As fluid continues to absorb heat, saturated boiling is established at location E, when the bulk temperature reaches the local saturation temperature. Beyond this point, the vapor content increases steadily until dryout occurs. In the present work, the subcooled and the saturated boiling regimes are studied. Figure 3 shows representative boiling curves measured in the experiments at the three streamwise locations for case I-1 ͑details as in Table 2͒ . The ONB can be clearly identified in the figure as the point where the wall temperature exhibits a change in slope from the single-phase dependence. In the two-phase regime, the rise in wall temperature over a wide range of wall heat flux is modest as expected. At a sufficiently high heat flux in the twophase regime, the wall temperature near the channel exit ͑T 3 ͒ drops below that at the upstream locations. This is caused in part by the reduction in local saturation temperature of water when saturated boiling occurs.
The effects of inlet fluid temperature and velocity on the boiling curves are shown in Figs. 4 and 5. The wall temperatures shown in these figures are those measured near the exit of the microchannel, i.e., from thermocouple T w3 . It is observed that in the singlephase region the fluid with lower inlet temperature or velocity is able to dissipate higher heat fluxes while maintaining the same wall superheat. However, after the ONB, all boiling curves collapse onto a single curve irrespective of the inlet conditions, indicating the dominance of nucleate boiling over convective heat transfer.
The measured pressure drop across the microchannel heat sink as the flow transitions from single-phase to two-phase operation is shown in Fig. 6 ; the pressure drop is measured between the two manifolds upstream and downstream and inlet/exit losses are corrected for as recommended in Ref. ͓25͔. In the single-phase region, the pressure drop slightly decreases as the heat flux in- 
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Transactions of the ASME creases due to the reduced viscosity of water at higher temperatures. After the ONB, the pressure drop increases rapidly when the acceleration effect of the vapor content becomes pronounced. It may be noted that both Figs. 3 and 6 provide consistent predictions of the incipience heat flux for the ONB, i.e., at q " =15 W/cm 2 . The experimental results are discussed further after a presentation of the development of predictive models for flow boiling heat transfer.
Modeling of the Flow Boiling Heat Transfer Coefficient
Flow boiling heat transfer is strongly influenced by the morphological structure of the liquid-vapor mixture, i.e., the flow pattern ͓26͔. Flow-pattern-based models are thus capable of providing more accurate predictions of local boiling heat transfer coefficient ͓18,19͔. However, the purpose of the present study is to offer easy-to-use predictive tools that capture the global heat transfer behavior and can be applied to the design of two-phase microchannel heat sinks. Therefore, a correlation-based approach is adopted in this study for modeling the flow boiling heat transfer coefficient. Detailed flow-pattern-based modeling of bubbly, slug, and annular flows is the subject of ongoing work.
Correlation-based models for the flow boiling heat transfer coefficient, in both subcooled and saturated boiling, have been classified into two categories ͓27,28͔: the extrapolation type ͑termed "enhancement type" in Ref. ͓28͔͒ and the superposition type ͑fur-ther divided into superposition and asymptotic types in Ref. ͓28͔͒. The first of these involves extrapolating single-phase convection data into the boiling regime by correlating the heat transfer coefficient as a function of the boiling number ͑Bo͒ and the convection number ͑Co͒, and relying on experimental databases ͑sub-cooled boiling ͓27,29-32͔ and saturated boiling ͓6,8,13,33-35͔͒. This approach is expected to work reasonably well in the subcooled boiling regime, where heat transfer is primarily due to singe-phase convection and a modification factor using dimensionless groups is adequate for representing the enhancement due to nucleate boiling. However, when applied beyond regions for which they were proposed, the extrapolation approach is of limited value. Further, the functional form of the nondimensional groups involved may not adequately represent the most important parameters of the boiling process. In contrast, the second approach, superposition, deals with both single-phase and nucleate boiling heat transfer modes that are present in the two-phase flows, and treats the total heat transfer as either a linear or a power-type superposition of single-phase convection and nucleate boiling components ͑subcooled boiling ͓36-38͔ and saturated boiling ͓20,21,36,37,39͔͒. This approach is more physically sound and may be tailored to different flow and heat transfer situations, such as laminar versus turbulent flows. A superposition-type approach is, therefore, used in this work for the development of a model for saturated boiling.
In the following, boiling regimes are first analyzed to set the context for assessing the applicability of selected heat transfer correlations in predicting boiling heat transfer in microchannel flow. It will be shown that Shah's correlation ͓38͔ from the literature is suitable for the subcooled boiling regime, and therefore, the emphasis here is placed on developing a new model for the saturated boiling regime as a modification to an earlier model ͓20͔, which incorporates some of the specific features of flow boiling in microchannels.
Models for Different Heat Transfer Regions.
Under commonly encountered flow conditions, the fluid enters the microchannel with some degree of subcooling and exits as a saturated liquid-vapor mixture. Thus, three regions-single-phase flow, subcooled boiling, and saturated boiling-can exist along the microchannel length. The single-phase length L sp can be calculated from Eq. ͑5͒, which, combined with the ONB model developed in Ref. ͓40͔, 
yields the subcooled boiling length L sub . Figure 7 illustrates the variation of length ratio of the different boiling regions as the heat input changes. At very low heat input, the fluid in the entire microchannel remains a single-phase liquid, shown as region I. As the heat input increases, nucleate boiling occurs first at the exit of the microchannel and then shifts upstream. The shift of the boiling front is very rapid, and with a slight increase in heat input, the subcooled boiling regime occupies an appreciable portion of the microchannel length, as indicated by region II. Further increasing the heat input results in saturated boiling in the microchannel ͑as shown in region III͒.
In view of the existence of the three heat transfer regions, it is reasonable to define the average boiling heat transfer as
This definition describes the overall heat transfer in microchannel flows, independent of specific flow patterns. It now remains to obtain the heat transfer coefficients for the respective regions in Eq. ͑8͒ as follows.
Single-Phase Regime. The selection of the correlation for predicting single-phase heat transfer plays an important role in the success of any proposed equation for analyzing flow boiling. The Dittus-Boelter correlation for turbulent flow ͓41͔ has been widely adopted for this purpose ͓20,30,34,38͔. However, its applicability to microchannel transport is questionable since laminar flow is typically encountered in microchannels ͑Re f Ͻ 1600 in the present work͒. Thus, laminar correlations should be employed instead, for instance, the Sieder-Tate correlation ͓42͔ for simultaneously developing flow or the Shah-London correlation ͓43͔ for thermally developing flow, depending on the thermal and hydrodynamic boundary conditions. Lee et al. ͓44͔ pointed out that a full computational heat transfer analysis is necessary for an accurate description of the heat transfer in microchannels. However, the foregoing equations are reasonable approximations, which are useful for correlating the boiling data due to their simple functional forms.
Subcooled Boiling Regime. Among the subcooled boiling heat transfer correlations in the literature, the one proposed by Shah ͓38͔ is among the more often cited:
In Eq. ͑9͒, 0 is the contribution from the limiting case of subcooled cooling, i.e., saturated boiling with zero subcooling and zero quality. The following expressions have been suggested in Ref. It will be shown that predictions from this correlation show good agreement with the experimental measurements for microchannels in the present work. Two other commonly cited correlations, due to Moles-Shaw ͓27͔ and Kandlikar ͓32͔, are also considered in the comparisons with the experimental results in Sec. 5. Saturated Boiling Regime. In superposition-type models, starting from that of Rohsenow ͓45͔, it is postulated that convective heat transfer is promoted as the flow is agitated by bubble nucleation and growth, while nucleate boiling is suppressed owing to the reduced superheat in the near-wall region caused by the bulk fluid flow. The simplest form of the superposition approach uses a linear addition as in the model of Chen and co-workers ͓20,21,46͔:
in which the enhancement factor F for convection and the suppression factor S for nucleate boiling are given by More recently, a modification of the model of Chen and coworkers has been proposed for flow boiling in microchannels ͓48,49͔. Two alternative approaches were suggested to amend the enhancement factor F for microchannel flows. The first approach ͓48͔ is essentially a curve-fitting technique that forces the enhancement factor F to be linearly related to the two-phase friction multiplier, i.e., F = 0.64 f,tt , in contrast to Eq. ͑12͒. This functional form is then generalized to the two-phase multipliers for other flow conditions, including the laminar-laminar flow in microchannels. In the second approach ͓49͔, a boiling heat transfer coefficient was derived for annular flow and used as the convective component h conv in Eq. ͑11͒; however, such a substitution does not derive from the flow physics and is somewhat arbitrary. Although predictions from this model showed reasonable agreement with the experimental data the authors compiled from different studies in the literature, a more physically sound model is desired to capture the important features of flow boiling in microchannels.
New Model Development for Saturated Boiling.
The superposition-type approach above is modified here to account for the specific features of flow through microchannels. New correlations for the enhancement factor F and suppression factor S are derived following Chen ͓20͔ and Bennett et al. ͓50͔. Enhancement Factor F. It is assumed that the convective component in Eq. ͑11͒ can still be written in the form of the SiederTate correlation ͓42͔ even in two-phase flow:
Here, the two-phase Reynolds number Re tp is an unknown and is introduced in order to retain the functional form of Eq. ͑14͒:
in which V tp is a nominal two-phase velocity. Comparing Eq. ͑14͒ with the original Sieder-Tate correlation leads to
where the liquid Reynolds number Re f is based on the liquid velocity V f , for only liquid flowing in the channel, and is given by The enhancement factor F can then be obtained as
͑18͒
Following Reynolds analogy, if it is assumed that the shear stress and heat flux profiles are similar, so that
Using the definitions of shear stress and heat flux, Eq. ͑19͒ can be rearranged as
Assuming that the nominal velocity V tp corresponds to the velocity at a distance from the wall where the local temperature T reaches the bulk mean value T b , Eq. ͑20͒ can be integrated as
which yields
Recalling the definition of boiling heat transfer coefficient, the following expression is obtained:
For the liquid phase flowing alone in the channel, a similar expression can be derived
Therefore, the ratio of boiling convection to single-phase convection defines the enhancement factor F: 
͑26͒
In Eq. ͑26͒, the shear stress term is linked to the two-phase multiplier f as
͑27͒
The expression for enhancement factor F is then obtained as
͑28͒
To account for the asymptotic behavior of two-phase convective heat transfer at the beginning of saturated flow boiling, an adjustable parameter is now introduced. In the present study, takes a value of 2, which gives a better fit to the experimental data than the value of 0.64 used in Ref. ͓49͔. The reason for not choosing a value of unity for ͑which would imply that F reduces to unity at zero quality and the convection contribution is simply represented by the single-phase component͒ is that the interactions between the bubble and fluid occur well before the flow reaches saturated boiling and the agitation of the fluid due to the bubble dynamics enhances convection even prior to reaching saturation. In addition, the use of a correction factor Pr f 0.167 was suggested by Benett and Chen ͓46͔ when applying the Reynolds analogy to fluids with Prandtl number not equal to unity. The final form of enhancement factor F is
Pr f 0.167
͑29͒
The two-phase multiplier can be related to the Martinelli parameter as ͓51͔
in which the constant C is determined from Ref. ͓51͔ and Table 4 , depending on the flow regimes of the liquid and vapor phases in microchannels. For the laminar flows ͑in both liquid and vapor phases͒ present in this study, the Martinelli parameter is
Thus, Eqs. ͑29͒-͑31͒ can be used to determine the enhancement factor F for microchannel flow boiling. The two-phase thermophysical properties in the model can be estimated as the arithmetic mean of those of the liquid and vapor phases weighted by quality x:
in which is any thermophysical property. In the low-quality region, the differences in properties between single-and twophase flows can be neglected as a first-order approximation. Under this approximation, the two-phase Reynolds number Re tp can be derived from Eq. ͑18͒ as
Suppression Factor S. The suppression factor S is usually obtained from regression analysis once the enhancement factor F is known ͓20͔. Although this approach will also be used here, it is first desired to develop an analytical model for the suppression factor S that is independent of particular experimental data sets. Chen ͓20͔ pointed out that nucleate boiling during convective flow is governed by an effective superheat that is less than the wall superheat, which gives rise to a suppression of nucleate boiling heat transfer. Bennett et al. ͓50͔ proposed a theoretical approach to estimate the effective superheat for flow boiling in various types of boiling geometries. In the following, this approach will be modified to incorporate specific features of microchannel flow boiling.
It is postulated in this work that the fluid temperature varies linearly in the vicinity of the channel wall and is given by
Considering the boundary condition ͉−k f ‫ץ‬T f / ‫ץ‬y͉ y=0 =h conv ͑T w −T b ͒, the temperature profile becomes
It is further assumed that the effective superheat within a distance y 0 from the wall, given by the following expression, is the driving force that governs nucleate boiling heat transfer: 
The suppression factor is then defined as the ratio of effective superheat ͉⌬T s ͉ y 0 to the wall superheat
in which the two-phase convection heat transfer coefficient h conv is obtained from Eq. ͑14͒. The only unknown in Eq. ͑37͒, y 0 , the thickness of the effective nucleate boiling region, can be approximated as the departure size of the bubble. In flow boiling, the departure size is determined by a balance of the forces acting on the vapor bubble. Due to the small bubble size in microchannel flows, surface tension and shear are the dominant forces ͑over inertia and buoyancy forces͒. According to Levy ͓52͔, the surface tension force F s and shear force F f are given by
Therefore, the bubble departure radius can be solved from a force balance, F s = F f , which yields
The thickness of the effective nucleate boiling region is then estimated as
where the empirical constant C is taken to be 0.35 in the present model. Compared to other values used in the literature ͓50,52͔, this value predicts a more reasonable bubble departure radius for water flow in microchannels ͓53͔. The wall shear stress w can be calculated from Further, the nucleate boiling coefficient in Eq. ͑11͒ is evaluated according to Gorenflo ͓54͔:
where the pressure correction factor F PF for water is The suppression factor can also be derived through a regression analysis, as stated earlier. In this approach, S is correlated with the two-phase Reynolds number Re tp as
In Eq. ͑43͒, h tp,expt is the measured boiling heat transfer coefficient and h nb is a selected correlation for the nucleate boiling heat transfer coefficient. Using this approach and the experimental data obtained in the present work, a new empirical correlation for suppression factor S is proposed for saturated flow boiling in microchannels:
5 Model Validation 5.1 Subcooled Boiling Regime. In the subcooled boiling regime, Eq. ͑8͒ reduces to Figure 8 shows a comparison of the measured heat transfer coefficient, as defined in Eq. ͑6͒, with predictions using h sub from various subcooled boiling correlations. In the regime following the occurrence of ONB, it is seen that the Shah correlation for subcooled boiling ͓38͔ offers very good predictions of the experimental data, while those of Moles-Shaw ͓27͔ and Kandlikar ͓32͔ overpredict and underpredict the heat transfer coefficient, respectively. It should be noted that the parameter 0 used in Eq. ͑10͒ was originally developed for turbulent flow conditions, which is somewhat inconsistent with the laminar nature of microchannel flows. However, the Shah correlation is still recommended due to its agreement with the measured experimental data.
Saturated Boiling
Regime. Figure 9 shows the predicted enhancement factor F calculated from Eq. ͑29͒ over the range of experimental conditions of the present work. The enhancement factor increases monotonically with the reciprocal of the Martinelli parameter, 1 / X vv , which is proportional to the thermodynamic equilibrium quality. This suggests that the two-phase convective heat transfer is gradually augmented as more liquid is vaporized. Physically, the enhancement process may take place through different mechanisms. During the initial stage of boiling, two-phase flow usually appears in discrete bubbly form without significant interaction of adjacent nucleate bubbles. Individual bubble behavior, such as bubble departure and subsequent sliding on the channel surface ͓53͔, contributes in enhancement of the Transactions of the ASME convective heat transfer by agitating the liquid in the thermal boundary layer. At higher qualities, the microchannel cross section is mostly occupied by the vapor phase due to the dramatic difference in the liquid and vapor densities. The liquid phase is then confined to a small portion of the microchannel cross section, either in a thin film around the channel periphery in annular flows or in short liquid slugs in slug flows. To ensure mass conservation, the effective velocity of the liquid phase is greater than the nominal value calculated by averaging over the entire cross section. In the proposed model, this effect is represented by the two-phase Reynolds number Re tp defined in Eq. ͑33͒. Figure 10 shows the predicted suppression factor S calculated from Eq. ͑44͒ using the regression analysis, which illustrates the decreasing trend of the suppression factor S as the two-phase Reynolds number Re tp increases. This is caused by the intensified forced convection at high Re tp that effectively reduces the superheat in the near-wall region. Alternatively, the suppression factor S may also be obtained analytically using Eq. ͑37͒.
Predictions of the boiling heat transfer coefficient from three widely cited saturated boiling models for conventional-sized channels ͓20,33,35͔, as well as from the correlation developed in the present work using the regression analysis result for S factor, are compared in Fig. 11 against the experimental measurements. Also shown are predictions from three correlation models for mini-and microchannel flows from the literature ͓13,16,36͔. It is clear that the proposed correlation achieves the best agreement in the range of heat flux considered ͑for case II-2 shown in the figure͒, while most of the other models underpredict the experimental data at low heat flux and some ͓20,35,36͔ tend to overpredict the boiling heat transfer coefficient at high heat flux.
The validity of the proposed analytical model is further examined by comparing predictions for all the test cases in the experiments listed in Tables 2 and 3 , as shown in Fig. 12 . The agreement over the majority of the experiments is within ±35%. Model predictions using the suppression factor S from the regression analy- sis approach ͑Eq. ͑37͒͒ are plotted in Fig. 13 , which shows better agreement with the experiments, within ±25%. The mean absolute errors ͑MAEs͒ associated with all models are calculated and listed in Table 5 . The agreement of the proposed analytical model is significantly better than for predictions from almost any of the correlations in the literature for the present experimental data set, except for an empirical model in Ref. ͓16͔ . Considering the fact that there is still a systematic tendency to underpredict the heat transfer coefficient at the low range and overpredict it at the high range, more accurate predictions are being sought from detailed flow-pattern-based models.
Suggested Correlations.
Based on the observations from the present study, the Shah correlation ͓38͔ is recommended for prediction of the boiling heat transfer coefficient in microchannels in the subcooled boiling regime, while the new correlations developed in the present work, Eq. ͑29͒ for enhancement factor F and Eq. ͑37͒ and ͑44͒ for suppression factor S, are recommended for the saturated boiling regime; this recommendation is illustrated for one representative case in Fig. 14. 
Conclusions
Flow boiling of water in microchannels is experimentally investigated. The fluid and microchannel wall temperatures and the pressure drop across the microchannel were measured. The boiling heat transfer coefficients for subcooled and saturated boiling regimes were determined. Heat transfer correlations in the literature were assessed critically for applicability to microchannels. A new correlation suitable for the saturated boiling regime is developed. Suitable correlations to be used in the design of microchannel heat sinks in subcooled and saturated boiling at low qualities are suggested.
Key findings from this work are summarized as follows.
͑1͒
The fluid inlet conditions, i.e., degree of subcooling and velocity, affect the onset of nucleate boiling, but have little impact on the boiling curve once the ONB has occurred. ͑2͒ A critical review of conventional correlations in the literature suggests that the superposition-type heat transfer correlations are superior to the extrapolation-type in predicting the flow boiling heat transfer coefficient. ͑3͒ The Shah correlation ͓38͔ provides satisfactory prediction of heat transfer coefficient in the subcooled boiling regime. ͑4͒ A new heat transfer correlation is developed to predict the saturated boiling data, based on the model of Chen and co-workers ͓20,50͔. Good agreement with the present experimental measurements indicates that this correlation is suitable for the design of two-phase microchannel heat sinks. Comparison with a larger database in the future is recommended. 
Nomenclature
